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Abstract
Retinoic acid (RA) signaling plays critical roles in diverse cellular processes during nervous system development. In mouse models, the roles
for RA signals in telencephalic development remain unclear, partly because of the ambiguity of RA telencephalic sources after E8.75. Here, we
have developed a genetic approach that utilizes Cre-lox technology to conditionally express a potent dominant negative retinoid receptor,
RAR403, in vivo. This approach blocks RA signaling pathways at the receptor level, enabling the disruption of RA signals in contexts in which
the RA source is unknown. RAR403 expression throughout the developing telencephalon causes pronounced hypoplasia resulting from defective
proliferation in dorsal telencephalic progenitors and extensive cell death. Furthermore, Nkx2.1+ progenitors in the medial ganglionic eminence
(MGE) are misspecified such that they acquire a subset of lateral ganglionic eminence (LGE)-specific properties at the expense of MGE fates. This
genetic approach reveals new roles for RA signaling in telencephalic proliferation, survival and fate specification, and underscores its utility in
investigating the function of retinoid signaling pathways throughout peri- and postnatal development.
© 2008 Elsevier Inc. All rights reserved.Keywords: Retinoids; Telencephalon; Proliferation; Apoptosis; SpecificationIntroduction
The mammalian telencephalon is composed of numerous cell
types that communicate within vast networks to carry out higher
order processes such as perception, cognition, behavior, and
voluntary motor control. Development of this complex structure
begins with the transformation of a simple pseudostratified
neuroepithelium into two major formations, the cerebral cortex
derived from the pallium, and the basal ganglia, consisting of
the pallidum and the striatum which respectively originate from
the medial and lateral ganglionic eminences (MGE, LGE). The
generation of these telencephalic structures depends upon the
coordination of critical cellular events during embryogenesis
that include proliferation, dorsal–ventral patterning of progeni-
tor domains, differentiation and cell fate specification (Wilson
and Rubenstein, 2000; Schuurmans and Guillemot, 2002).
However, the signaling pathways and the molecular networks⁎ Corresponding author. Fax: +1 410 614 8423.
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doi:10.1016/j.ydbio.2008.01.041that mediate and coordinate these events remain poorly
understood. The retinoic acid (RA) signaling pathway has
been extensively studied in caudal regions of the developing
nervous system and plays pivotal roles in regulating nervous
system development. While recent studies have begun to
address the function of RA signaling pathways during forebrain
morphogenesis, its role in proliferation, patterning, differentia-
tion, and cell fate specification at later stages of telencephalic
development have yet to be defined.
RA is synthesized from dietary vitamin A in a two-step
enzymatic process in which the rate-limiting retinaldehyde
dehydrogenases, RALDH1-3 catalyze the conversion of
retinaldehyde to RA (Maden, 2002). RA functions as a ligand
for heterodimeric nuclear receptors consisting of a retinoic acid
receptor (RAR) subunit, which confers ligand specificity, and a
retinoid X receptor (RXR) component (Chambon, 1996). There
are three RAR isotypes, α, β, and γ, and three RXR isotypes,
with multiple isoforms of each (Chambon, 1996; Maden,
2002). RAR/RXR heterodimers constitutively bind transcrip-
tional co-repressors at palindromic DNA enhancer sequences
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1996). In the presence of RA, co-repression is relieved, co-
activators are recruited and the resulting complex functions to
activate transcription. Analyses of RARE-hsp68LacZ mice, in
which beta-galactosidase (LacZ) expression serves as a
reporter of retinoid-activated transcription, reveal that sites of
RA function largely correlate with sites of RALDH expression
(Rossant et al., 1991; Niederreither et al., 2002; Ji et al., 2006;
Ribes et al., 2006; Molotkova et al., 2007). Consequently,
RALDH knockouts and the use of dominant negative RARs to
disrupt activated RA-dependent signaling pathways have
generated significant insight into the developmental pathways
governed by RA signals (Niederreither et al., 1999; Novitch et
al., 2003; Sockanathan et al., 2003; Vermot et al., 2005; Ji et
al., 2006; Ribes et al., 2006; Hägglund et al., 2006; Molotkova
et al., 2007).
Recent studies in the chick, quail and mouse have begun to
shed light on the role of RA signaling at early stages of
telencephalic formation (Halilagic et al., 2003; Marklund et al.,
2004; Ribes et al., 2006; Halilagic et al., 2007; Molotkova et al.,
2007). In avian systems, RA patterns the prospective anterior
forebrain, directs intermediate telencephalic character, and
maintains fibroblast growth factor (FGF) and sonic hedgehog
(Shh) expression required for cell proliferation and survival
(Schneider et al., 2001; Halilagic et al., 2003; Marklund et al.,
2004). In the mouse, the synthetic activities of RALDH2 and 3
provide the main source of RA in the developing forebrain
through E8.75, where RA signals direct forebrain morphogen-
esis; however, whether this occurs through the regulation of Shh
and FGF8 signaling remains unclear (Ribes et al., 2006;
Molotkova et al., 2007). At later stages, analyses of RARE-
hsp68LacZ mice show LacZ expression in the developing
cortex, striatum, hippocampus and amygdala (Rossant et al.,
1991; Smith et al., 2001). The RA sources responsible for these
activities are unknown, with the exception of RALDH3
expression in the striatum and nucleus accumbens (NA) (Li et
al., 2000). Previous studies have suggested that RA in the LGE
is required for the generation of striatal DARPP-32+ neurons
(Waclaw et al., 2004). However, analyses of RALDH3 mutants
show no changes in the number of DARPP-32+ neurons, but
instead, reveal a role for endogenous RA in NA development
(Molotkova et al., 2007). Striatal and NA formation may also
depend on RA generated from anterograde transport of
RALDH1 from the midbrain (Smith et al., 2001).
Although these studies have collectively begun to address
the function of RA in telencephalic development, they
demonstrate the challenges in gaining a comprehensive under-
standing of how RA signaling pathways regulate telencephalic
formation. Approaches in the mouse have depended exclusively
on the analysis of RALDH null mutants; however the RA
sources within the telencephalon after E8.75 remain largely
unknown (Ribes et al., 2006; Molotkova et al., 2007). A further
challenge is illustrated by the anterior forebrain at E8.75 and the
striatum, where multiple sources of RA contribute to the
development of a given structure. Lastly, null mutants of
RALDH2 and RALDH3 respectively die by E9 and soon after
birth, underscoring the necessity of regulated temporal andspatial ablation of RA signals to enable the study of later aspects
of telencephalic development (Niederreither et al., 1999; Mic et
al., 2002; Molotkova et al., 2007). Here, we have developed a
genetic approach that temporally and spatially disrupts RA
signaling in the developing telencephalon in contexts in which
the synthetic enzyme is uncharacterized and where overlapping
supplies of RA exist. This strategy utilizes the Cre-dependent
expression of RAR403, a potent dominant negative form of the
human RA receptor RARα that effectively disrupts RA
signaling pathways in vivo (Damm et al., 1993; Rajewsky et
al., 1996; Novitch et al., 2003; Sockanathan et al., 2003;
Hägglund et al., 2006). Cre-dependent expression of RAR403
in the telencephalon from E9 causes telencephalic hypoplasia
due to defects in dorsal telencephalic progenitor proliferation
and extensive cell death. Further, disruption of RA signaling
results in the misspecification of Nkx2.1+ MGE progenitors,
causing them to initiate a subset of LGE-specific differentiation
programs. Our genetic approach thus reveals new roles for RA
signals in proliferation, survival and neuronal specification in
the developing telencephalon.
Materials and methods
Generation of R26RAR403 mice
A construct consisting of a neomycin resistance gene and 3 polyadenylation
sequences flanked by loxP sites (lox–neo3pA–lox) upstream of the open
reading frame of RAR403 was cloned into the vector pROSA26-1 for efficient
targeting of the ROSA26 locus (Fig. 2A; Soriano, 1999). ES cell transfections,
screening and injection into blastocysts were carried out according to standard
procedures; the ROSA26 flanking probe encoded in pROSA26-5′ was used in
screening (pROSA26-1 and pROSA26-5′ were provided by P. Soriano).
Genotyping of R26RAR403 mice was performed using the following primers: 1.
5′-AAAGTCGCTCTGAGTTGTTAT-3′; 2. 5′-GCGAAGAGTTTGTCCT-
CAACC-3′; 3. 5′-GGAGCGGGAGAAATGGATATG-3′. Primer pair 1 and 2
amplifies the wild-type allele, while primer pair 1 and 3 amplifies the knock-in
allele. Details of the PCR protocol are available on request. Islet1:Cre mice
were obtained from T.M. Jessell (Srinivas et al., 2001). RARE-hsp68LacZ mice
engineered by Rossant et al. (1991) were obtained from C. Mendelsohn with
the permission of J. Rossant. Foxg1:Cre and Gtrosa26tm1Sor (R26LacZ) mice
were obtained from Jackson Laboratories (Hébert and McConnell, 2000;
Soriano, 1999).
RT-PCR
Embryos were dissected in PBS and their brains removed and frozen on dry
ice. RNA was extracted using TRIZOL reagent (Invitrogen) according to the
manufacturer's instructions and used for cDNA synthesis, which was performed
using SuperScript III reverse transcriptase (Invitrogen). The following primers
were used to amplify RAR403 from the cDNA: 5′-TGCTTGGCGAACTCCA-
CAGTCTTA-3′; 5′-GCGCTCTGACCACTCTCCAGC-3′.
Immunohistochemistry
Embryos were dissected in PBS and fixed in 4% paraformaldehyde/0.1 M
phosphate buffer for 2–3 h. Embryos were then washed with PBS and
cryoprotected using a 15% to 30% sucrose gradient. Tissue was embedded in
HistoPrep (Fisher) and 12-μm serial sections were obtained. Immunohistochem-
istry was performed as described in Sockanathan and Jessell (1998). Primary
antibodies were used as follows: K5 (rabbit anti-Islet1/2), 1:3000; guinea pig
anti-Islet1/2, 1:10,000 (both provided by T.M. Jessell); 4F2 (mouse anti-Lim1),
1:2; mouse anti-Pax6, 1:25 (both from DSHB); rat anti-BrdU, 1:100; rabbit anti-
Ki67, 1:1000 (both purchased from Abcam); rabbit anti-PH3, 1:100 (Upstate);
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(provided by B.G. Novitch); mouse anti-Nkx2.1, 1:1000 (Dako); rabbit anti-
Tuj1, 1:1000 (Covance); goat anti-Dcx, 1:500 (Santa Cruz); rabbit anti-GABA,
1:250 (Sigma); rabbit anti-Lhx6, 1:500 (provided by V. Pachnis). Nuclei were
stained using Topro3 iodide, diluted 1:20,000 (Invitrogen). For BrdU
immunohistochemistry, microwave antigen retrieval was performed as described
in Seagroves et al. (2000). The ApopTag Fluorescein In Situ Apoptosis Detection
Kit (Chemicon) was used for TUNEL staining. Images were obtained using a
Zeiss LSM 5 Pascal confocal microscope. In all experiments, a total of 3–5
embryos from at least two different litters were analyzed.
Histochemical detection of Lac-Z activity
Embryos were dissected and processed as described above, with the
exception that embryonic heads were fixed for either 1 or 8 h. After sectioning,
tissue was fixed in 4% paraformaldehyde/0.1 M phosphate buffer for 10 min
prior to washing in buffer A (0.1 M phosphate buffer with 2 mM MgCl2 and
5 mM EGTA), and buffer B (0.1 M phosphate buffer with 2 mMMgCl2, 0.01%
sodium deoxycholate). X-gal staining was performed by applying 500 μL of
buffer B containing 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, and 0.06% X-gal
(Promega) to slides and incubating at 37° for 48 h. The tissue was post-fixed in
4% paraformaldehyde/0.1 M phosphate buffer for 10 min, washed in PBS, and
mounted using glycergel mounting medium (Dako). 3–5 embryos from 3–4
different litters were analyzed in all cases.
In situ hybridization
Embryos were dissected and processed as described above with the
exception that embryos were fixed overnight. In situ hybridization was
performed as described by Schaeren-Wiemers and Gerfin-Moser (1993).
Whole mount in situ hybridization was carried out as described by Shimamura
et al. (1994). Anti-sense riboprobes for the following transcripts were used: Shh
(Echelard et al., 1993), Gli3 (Hui et al., 1994), Dlx2 (Porteus et al., 1991), Ebf1
(Garel et al., 1997), Fgf8 (Crossley and Martin, 1995), and Sfrp2 (Rattner et al.,
1997). Images were acquired using a Nikon SMZ800 microscope with Digital
Sight camera, and a Nikon Eclipse E800 microscope with IPlab software. A total
of at least 3–5 embryos from at least two litters were used for each probe.
Motor neuron counts
Motor neuron counts were performed as described by Ji et al. (2006).
Calculation of labeling, mitotic and cell-cycle exit indices
For BrdU labeling studies, pregnant dams were administered an intraper-
itoneal BrdU dose equivalent to 100 mg/kg body weight 30 min and 16 h prior to
embryo harvest for the calculation of the labeling index and cell-cycle index,
respectively. Immunohistochemistry was performed as described above. The
labeling index was calculated by counting the total number of BrdU+ cells in a
100-μmwide area of the dorsal and ventral telencephalon and dividing that by theFig. 1. Retinoic acid activity in the early developing telencephalon is dynamic. (A, B
embryos at E10.5 and E12.5. MGE, medial ganglionic eminence; LGE, lateral gangnumber of all cycling cells, marked byKi67 expression (Chenn andWalsh, 2002).
At E12.5, cells were counted in 50-μmwide areas of the LGE andMGE, and in a
100-μm wide area in the cortex. Cell-cycle exit index was calculated in 100-μm
wide areas of the dorsal and ventral telencephalon by dividing the total number of
BrdU+, Ki67− cells by the number of BrdU+, Ki67+ cells (Chenn and Walsh,
2002). To calculate mitotic index, the total number of PH3+ cells was divided by
the total number of cells, indicated by Topro3 staining. At E10.5 and in the E12.5
cortex, cells within a 100-μmwide area were counted, while all cells in the E12.5
MGE and LGE were counted. For all quantifications, at least three sections were
counted per embryo; 3–5 embryos from at least two litters were used.
Cell death counts
The number of TUNEL+ cells was counted in 100-μm wide areas of the
E10.5 dorsal and ventral telencephalon, and the E12.5 cortex, LGE and MGE.
The number of TUNEL+ cells was divided by the total number of Topro3+ cells
and converted to a percentage. For each stage, at least three sections were
counted from 3–5 embryos from at least two different litters.Results
RA signaling in the developing telencephalon is dynamic
In order to determine the areas in the developing tele-
ncephalon that are responsive to RA signaling at E10.5 and
E12.5 in development, we analyzed LacZ expression in the
telencephalons of RARE-hsp68LacZ reporter mice, which
provide a read-out of endogenous retinoid-activated transcrip-
tion in vivo (Rossant et al., 1991). At E10.5, RA signaling is
detected throughout the entire telencephalon with the exception
of the most dorso-medial area (Fig. 1A). By E12.5 reporter
activity is confined to the pallium, and continues to be excluded
from the prospective cortical hem (Fig. 1B). During these
developmental stages, the major processes underway within the
domains of LacZ expression include the expansion of the
progenitor pool through cellular proliferation, dorsal–ventral
patterning of the tissue, and the beginnings of neurogenesis and
cell fate specification, raising the possibility that RA signaling
may play a role in these events.
Use of a dominant negative RAR to ablate RA signaling in vivo
Previous studies demonstrate that a truncated version of the
human RARα, RAR403, which lacks the AF2 domain required) X-gal stained coronal sections through the telencephalons of RARE-hsp68LacZ
lionic eminence.
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negative receptor to specifically inhibit retinoid-dependent
processes in vivo (Damm et al., 1993; Novitch et al., 2003;
Sockanathan et al., 2003; Hägglund et al., 2006). Because the
global disruption of RA signaling leads to early embryonic
lethality, we developed a genetic system using Cre-lox
technology to spatiotemporally regulate the expression of
RAR403 to disrupt RA signaling pathways in vivo (Rajewsky
et al., 1996; Niederreither et al., 1999). We engineered a
construct that contains a neomycin resistance gene and three
polyadenylation sequences flanked by loxP sites (lox–neo3pA–
lox) upstream of the RAR403 open reading frame, and targeted
it to the ROSA26 locus (Fig. 2A). The ROSA26 locus was
chosen because of its high targeting efficiency, its well-
characterized near-ubiquitous expression, and to avoid possible
positional effects arising from random integration that is often a
consequence of transgenic approaches (Soriano, 1999). The
lox–neo3pA–lox cassette serves as a strong transcriptional stop
signal to prevent baseline expression of RAR403 that would be
driven by the ROSA26 locus (Soriano, 1999). Cre-mediated
recombination at the lox-P sites will result in the excision of the
lox–neo3pA–lox cassette and subsequent induction of RAR403
expression. Thus, the use of specific Cre driver lines in this
binary system will afford the precise spatiotemporal disruption
of RA signaling in vivo.
We confirmed the homologous recombination of the
construct at the ROSA26 locus in ES cells by Southern blotting.
Homologous recombinants generated a 3.8 kilobase (kb) knock-
in fragment in addition to an 11 kb wild-type (WT) band after
EcoRV digestion (Fig. 2B). Mouse lines harboring the knock-in
allele were bred to homozygosity (R26RAR403) and their
genotypes confirmed by PCR (lane A, Fig. 2C). R26RAR403
animals were viable, fertile and morphologically indistinguish-
able from wild-type littermates, and were used for all
subsequent analyses. To confirm the Cre-dependence of
RAR403 transcription, we performed RT-PCR analyses ofFig. 2. Generation of R26RAR403 mice. (A) Restriction map of the Rosa26 locus and
for Southern analysis. PCR primers are indicated by red arrows 1, 2, and 3, with pr
amplify the knock-in allele. (B) Southern blot analysis of EcoRV-digested ES cell
addition to the 11-kb wild-type fragment. In lanes 3 and 6 only the 11-kb wild-type
2 amplifies the wild-type product, while primer pair 1 and 3 amplifies the kno
transcripts in the brain at E14.5. Bl6=C57Bl6/J, Cre−=R26RAR403, and Cre+=F
loading control.RAR403 expression in the brains of C57Bl6J (Bl6), R26RAR403
and Foxg1:Cre, R26RAR403 animals at E14.5 (Fig. 2D). We
found that RAR403 is expressed exclusively in RNA isolated
from Foxg1:Cre, R26RAR403 embryonic brains and never in the
brains of C57Bl6J (Bl6) controls; however, we noted rare
instances of weak RAR403 expression in a small number of
R26RAR403 animals indicative of minimal read-through of the
stop cassette.
To validate the ability of R26RAR403 lines to disrupt RA
signaling in vivo, we tested the ability of Cre-mediated
expression of RAR403 to perturb known RA-dependent
pathways in the developing nervous system. Studies in the
chick and the mouse have established that RA signals from the
paraxial mesoderm and from motor neurons of the Lateral
Motor Column (LMC) are necessary for the induction and
maintenance of the lateral division of LMC (LMCl) motor
neurons (Sockanathan and Jessell, 1998; Sockanathan et al.,
2003; Vermot et al., 2005; Ji et al., 2006). LMCl neurons project
their axons into dorsal target muscles in the limb, and their cell
bodies are distinguished by the coexpression of the LIM
homeodomain proteins, Lim1 and Islet2 (Tsuchida et al., 1994).
We crossed R26RAR403 animals with Islet1:Cre mice that
express Cre recombinase in newly generated spinal motor
neurons (Srinivas et al., 2001). Consequently, Islet1:Cre,
R26RAR403 embryos express RAR403 in developing spinal
motor neurons leading to the disruption of RA-dependent
events in postmitotic motor neurons. Quantification of the
number of LMCl neurons showed a 35% reduction in the
number of Lim1+/Islet2+ neurons in Islet1:Cre, R26RAR403
spinal cords compared to Islet1:Cre controls (Figs. 3A–C). This
decrease exceeds the 20% reduction of LMCl numbers observed
when motor neuron or mesodermal sources of RALDH2 are
independently ablated, confirming that RAR403 expression
interferes with overlapping RA signals (Vermot et al., 2005; Ji et
al., 2006). We attribute the remaining LMCl neurons in Islet1:
Cre, R26RAR403 spinal cords to the delay in Cre-mediatedintegration construct, pROSA26-RAR403. The blue bar denotes the probe use
imers 1 and 2 used to amplify the wild-type allele and primers 1 and 3 used to
genomic DNA. Lanes 1, 2, 4, and 5 contain the 3.8-kb knock-in fragment in
fragment is present. (C) Genotyping of R26RAR403 animals. Primer pair 1 and
ck-in product. (D) RT-PCR to assess Cre-dependent expression of RAR403
oxg1:Cre, R26RAR403 brains. RT-PCR for GAPDH expression is shown as a
Fig. 3. RAR403 expression disrupts RA-dependent events in the developing nervous system. (A, B) Transverse sections through forelimb level E12.5 mouse spinal
cords stained for Lim1 and Islet1/2. LMCl neurons co-stain for Lim1 and Islet1/2 and are yellow. (C) Graph depicting the mean of the total number of LMCl neurons
present in E12.5 Islet1:Cre (Ctl) and Islet1:Cre, R26RAR403 (Mt) spinal cords (mean±S.E.M.; ⁎=pb0.01 two-tailed Student's t-test, n=4). (D–G) Representative
images of X-gal staining of coronal telencephalic sections at E10. LacZ can be detected in control telencephalons in panels D and F, and also in the optic placodes in
panel D. Heads from panels D, E were fixed for 8 h while those from panels F, G were fixed for 1 h.
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expression of Cre in approximately 50–60% of somatic motor
neurons (S.J. Ji and S. Sockanathan, unpublished observations).
To assess if RAR403 can inhibit RA-dependent events in the
developing telencephalon, we introduced the RARE-hsp68LacZ
reporter gene into Foxg1:Cre, R26RAR403 embryos by breeding,
and evaluated the efficacy of RAR403 to disrupt LacZ
expression. Foxg1:Cre mice initiate robust Cre recombinase
expression throughout the dorsal and ventral telencephalon
from E9 in development, thus driving the expression of
RAR403 throughout the telencephalon (Hébert and McConnell,
2000). X-gal staining of Foxg1:Cre, R26RAR403, RARE-
hsp68LacZ telencephalons showed a marked reduction of
LacZ activity compared to R26RAR403, RARE-hsp68LacZ
littermates (Figs. 3D–G).
Taken together, these studies provide functional evidence
that Cre-dependent RAR403 expression is sufficient to
effectively disrupt RA-dependent pathways in the developing
central nervous system.RAR403 expression results in proliferation defects in dorsal
telencephalic progenitors
As a first step in examining the role of RA signaling in the
developing telencephalon, we analyzed the histology of Foxg1:
Cre, R26RAR403 embryos compared with Foxg1:Cre controls.
Nissl staining of Foxg1:Cre, R26RAR403 forebrains at E12.5
revealed that Foxg1:Cre, R26RAR403 telencephalons appear
hypoplastic particularly within the MGE and LGE (Figs. 4A,
B). This hypoplasia is indicative of a decrease in cell number
that may result from deficits in cellular proliferation, increased
cell death, or a combination of these processes. To distinguish
between these possible mechanisms, we first assessed if
proliferation is altered in Foxg1:Cre, R26RAR403 telencephalons,
focusing specifically on cell-cycle progression of telencephalic
progenitors at S-phase, mitosis, and cell-cycle exit. In order to
analyze the progression of S-phase, we administered a 30 min
pulse of bromodeoxyuridine (BrdU) to pregnant dams to label
cells in S-phase, and calculated the labeling index, which
Fig. 4. RAR403 expression causes decreased proliferation in the dorsal telencephalon. (A, B) Nissl stain of coronal sections through the dorsal telencephalon of
Foxg1:Cre and Foxg1:Cre, R26RAR403 embryos at E12.5. (C) Schematic of a coronal section through an E10.5 telencephalon. Boxed areas show areas analyzed in
(D–F). (D, E) Immunohistochemistry for BrdU and Ki67 in sections of the dorsal telencephalon after a 30-min BrdU pulse at E10.5. (F) Labeling index in the dorsal
and ventral telencephalons of Foxg1:Cre (Ctl) and Foxg1:Cre, R26RAR403 (Mt) embryos at E10.5. (G) Labeling index in the cortex (Ctx), lateral ganglionic eminence
(LGE), and medial ganglionic eminence (MGE) of Ctl and Mt embryos at E12.5 (mean±S.E.M.; ⁎ indicates pb0.05, two-tailed Student's t-test, n=3–5).
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expression, that had incorporated BrdU (Chenn and Walsh,
2002). At E10.5, there is a 15% decrease in the labeling index
in dorsal telencephalic progenitors of Foxg1:Cre, R26RAR403
embryos compared to Foxg1:Cre controls, while no significant
changes are observed in ventral cells (Figs. 4C–F). The
labeling index at E12.5, and the mitotic and cell-cycle exit
indices of Foxg1:Cre, R26RAR403 progenitors were found to be
unchanged (Fig. 4G; Fig. S1). Measurements of the width of
the dorsal and ventral neuroepithilia show no significant
differences between Foxg1:Cre, R26RAR403 embryos and
Foxg1:Cre controls at E10.5 or E12.5 (data not shown).
Taken together, our results show that RAR403 expression
causes a decrease in the ratio of dorsal cells in S-phase
compared to the entire cell-cycle at E10.5. This observation is
consistent with a slowing of cell-cycle progression in dorsal
progenitors when RA signals are disrupted.
Loss of RA signaling results in increased cell death in the
developing telencephalon
Previous studies have defined roles for RA signals in
promoting cell survival in the nervous system (Hägglund et al.,
2006; Jacobs et al., 2006; Ji et al., 2006). To investigate if
increased cell death contributes to the telencephalic hypoplasia
of Foxg1:Cre, R26RAR403 embryos, we performed terminal
deoxynucleotidyl transferase biotin-dUTP nick end labeling
(TUNEL) assays at E10.5 and E12.5. Disruption of RA
signaling pathways in the telencephalon causes wide-spread
increases in cell death at E10.5. There is an approximate 5-fold
increase in the percentage of TUNEL-positive cells in the
pallium, and an approximate 4-fold increase in the percentage of
TUNEL-positive cells in the subpallium of Foxg1:Cre,R26RAR403 mutants compared to Foxg1:Cre controls (Figs.
5A–C, E, F). At E12.5, however, no significant differences in
TUNEL staining were detected in either the dorsal or ventral
telencephalon of Foxg1:Cre, R26RAR403 embryos and Foxg1:
Cre controls (Fig. 5D). This effect is unlikely to stem from
general toxicity associated with RAR403 expression as
RAR403 induction does not lead to cell death in Islet1:Cre,
R26RAR403 spinal cords (data not shown). These results suggest
that the disruption of RA signaling pathways leads to increased
cell death throughout the entire telencephalon at E10.5,
providing evidence that increased apoptosis is a major factor
in the marked hypoplasia of the telencephalons of Foxg1:Cre,
R26RAR403 embryos.
Studies in the chick indicate that RA signals can regulate Shh
and FGF expression, which are necessary for cell proliferation
and survival; however, whether RA signals do so in the mouse
forebrain remains unclear (Schneider et al., 2001; Ribes et al.,
2006; Molotkova et al., 2007). We examined the expression of
Shh, Gli3, and FGF8 transcripts in Foxg1:Cre, R26RAR403
embryos at E10.5 and E12.5. Shh, Gli3 and FGF8 expression
appeared unchanged at both stages (Fig. S2). Taken together,
these results demonstrate that the hypoplasia in Foxg1:Cre,
R26RAR403 telencephalons stems from a combination of cell
death and deficits in cell-cycle progression. However, these
effects are unlikely to be a direct consequence of altered Shh
and FGF8 expression.
Disruption of RA signaling causes an increase in Islet1
expression in the MGE
Three events that coincide with RA activity in the developing
forebrain prior to E12.5 are dorsal–ventral patterning, neuro-
genesis and neuronal specification (Wilson and Rubenstein,
Fig. 5. Disruption of RA signals causes increased cell death in the telencephalon. (A, B, E, F) TUNEL staining of sections through the dorsal and ventral telencephalon
of Foxg1:Cre and Foxg1:Cre, R26RAR403 embryos at E10.5. (C) Percentage of TUNEL+ cells in the dorsal and ventral telencephalon of Foxg1:Cre (Ctl) and Foxg1:
Cre, R26RAR403 (Mt) embryos at E10.5. Areas analyzed are as depicted in Fig. 4C. (D) Percentage of TUNEL+ cells in the cortex (Ctx), lateral ganglionic eminence
(LGE), and medial ganglionic eminence (MGE) of Ctl and Mt embryos at E12.5 (mean±S.E.M.; ⁎ indicates pb0.05 and ⁎⁎ indicates pb0.01, two-tailed Student's
t-test, n=3–5).
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panel of molecular markers that define the major dorsal–ventral
domains in the developing telencephalon showed no impairment
of patterning in Foxg1:Cre, R26RAR403 embryos compared with
Foxg1:Cre controls (Fig. S3). The expression of type III β-
tubulin (Tuj1), which marks all post-mitotic neurons, and
doublecortin, which is expressed in newly-differentiated
neurons were decreased within Foxg1:Cre, R26RAR403 telence-
phalons consistent with the hypoplasia observed when RAR403
is expressed (Caccamo et al., 1989; des Portes et al., 1998;
Francis et al., 1999). Premature expression of these markers was
not observed, consistent with the normal progression of
neurogenesis and our observation that cell-cycle exit is not
affected in telencephalic progenitors when RA signals are
disrupted (Figs. S1 and S4).Fig. 6. Analysis of ventral neuronal subtypes at E12.5. (A, B) GABA immunohistoc
Islet1 immunostaining in the ventral telencephalon. Arrowheads mark increased Islet1
embryos. MGE, medial ganglionic eminence; LGE, lateral ganglionic eminence.Prior to E12.5 in development, the generation of specific
subtypes of neurons in the dorsal telencephalon is limited;
however, distinct classes of neurons have begun to be generated
in the ventral telencephalon (Schuurmans and Guillemot, 2002).
Specifically, LGE progenitors have begun to generate Ebf1+
and Islet1+ neurons that populate the striatum, while Nkx2.1+
MGE progenitors have started to generate Lhx6+ GABAergic
neurons (Garel et al., 1999; Wang and Liu, 2001; Wonders and
Anderson, 2006). To determine if RA signaling is required for
the specification of these neuronal subtypes, we compared the
expression of Ebf1, Islet1, Lhx6 and GABA in the ventral
telencephalons of Foxg1:Cre, R26RAR403 embryos and Foxg1:
Cre controls at E12.5. We observed modest decreases in Ebf1,
Lhx6, and GABA expression in Foxg1:Cre, R26RAR403 embryos
compared with Foxg1:Cre controls, consistent with thehemistry. (C, D) In situ hybridization of Ebf1 transcript. (E, F) Lhx6 and (G, H)
in the MGE of Foxg1:Cre,R26RAR403 embryos. Images are representative of 3–5
Fig. 7. The absence of retinoid signaling causes a defect in MGE specification.
(A, C, E) Immunohistochemistry for Islet1 and Nkx2.1 in coronal sections
through the MGE at E12.5. (B, D, F) Close-up of boxed areas in A, C, and E.
Arrowheads mark yellow Nkx2.1+/Islet1+ cells in the Foxg1:Cre, R26RAR403
MGE compared to the Foxg1:Cre control. (G, I) Islet1 and Lhx6 immunohis-
tochemistry in coronal sections of the MGE at E12.5. (H, L) Close-up of boxed
areas in C and G. No co-staining for Islet1 and Lhx6 is observed. Images are
representative of 3–5 embryos.
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Unexpectedly, Islet1+ cells are increased in the MGEs of
Foxg1:Cre, R26RAR403 embryos most obviously within the
border separating the ventricular zone (VZ) and sub-ventricular
zone (SVZ) from the mantle area (Figs. 6G, H), although a
corresponding increase in Ebf1+ cells that mark putative striatal
matrix neurons is not detected (Figs. 6C, D). Previous studies
indicate that Nkx2.1-dependent mechanisms suppress LGE
fates in MGE progenitors (Sussel et al., 1999). The presence of
Islet1+ cells within Foxg1:Cre, R26RAR403 MGEs suggests that
disruption of RA signals may partly relieve this suppression
causing MGE progenitors to acquire a subset of LGE-like
properties. Alternatively, given that Islet1+ cells migrate parallel
to the MGE, RAR403 expression may cause Islet1+ cells to
migrate abnormally due to alterations within the MGE or from a
cell-autonomous defect in Islet1+ neurons (Lopez-Bendito et
al., 2006).
MGE progenitors give rise to Islet1 cells in the absence of RA
signaling
To examine if a cell-autonomous defect within Islet1+
neurons causes the increase in Islet1+ cells in MGEs of Foxg1:
Cre, R26RAR403 telencephalons, we crossed R26RAR403 animals
with Islet1:Cre mice to express RAR403 specifically within
Islet1+ cells, while leaving RA signaling pathways within the
MGEs intact (Srinivas et al., 2001). No changes in the distri-
bution of Islet1+ cells were observed in Islet1:Cre, R26RAR403
embryos compared with Islet1:Cre, or C57Bl/6 embryos,
suggesting that the phenotype is not due to a cell-autonomous
defect in Islet1+ cells (Figs. 7A, B; data not shown).
In order to determine if MGE progenitors are misspecified to
LGE-type fates when RAR403 is expressed, we examined the
relationship between Nkx2.1, Lhx6 and Islet1 expression in the
MGEs of Foxg1:Cre, R26RAR403 embryos. MGE progenitors
express the homeodomain protein Nkx2.1, which is necessary
for the specification of Lhx6-expressing neurons that terminally
differentiate to become GABAergic inhibitory interneurons
(Sussel et al., 1999; Lavdas et al., 1999; Anderson et al., 2001;
Liodis et al., 2007). Normally, small numbers of Nkx2.1+/
Lhx6+ cells can be observed as Nkx2.1+ progenitors transition
to become postmitotic Lhx6+ neurons (Wonders and Anderson,
2006). Nkx2.1+ cells and Lhx6+ neurons do not express Islet1;
instead Islet1+ neurons that populate the striatum derive from
the LGE and migrate parallel to the Nkx2.1+ progenitor domain
as they envelope the prospective globus pallidus (Wonders and
Anderson, 2006; Lopez-Bendito et al., 2006). Surprisingly,
many Nkx2.1+/Islet1+ cells were detected within the MGEs of
Foxg1:Cre, R26RAR403 embryos compared to C57Bl/6 or
Foxg1:Cre embryos, consistent with their transition to an
LGE-like neuronal subtype (Figs. 7C–F; data not shown).
Triple labeling studies revealed that Lhx6 expression was not
detected in Nkx2.1+/Islet1+ cells and no Lhx6+/Islet1+ cells
could be found in the telencephalons of Foxg1:Cre, R26RAR403
embryos (Figs. 7G–J; data not shown). Since Lhx6 expression
is necessary for the terminal differentiation and migration of
MGE-derived neurons, these observations are consistent with
Fig. 8. Nkx2.1+ progenitors do not give rise to Islet1+ cells. (A) Fate-mapping of
Nkx2.1 cells. Immunohistochemistry for Islet1 and LacZ in the E12.5 Nkx2.1:
Cre, R26LacZ telencephalon. (B) Close-up of boxed area in K. Though Islet1+
and LacZ+ cells are interspersed, cells do not co-stain for both markers. Images
are representative of 3–5 embryos. MGE, medial ganglionic eminence; LGE,
lateral ganglionic eminence.
379F. Rajaii et al. / Developmental Biology 316 (2008) 371–382the model that RAR403 expression causes a number of Nkx2.1+
progenitors to acquire a subset of LGE properties at the expense
of MGE fates.
Nkx2.1+ progenitors do not normally give rise to Islet1+
neurons
To confirm that Nkx2.1+ MGE progenitors do not give rise
to a subset of Islet1+ cells under normal conditions, we traced
the lineage of cells derived from Nkx2.1+ progenitors using a
Cre-lox based approach (Xu et al., 2008). Nkx2.1:Cre animals
were crossed to reporter mice that expressed LacZ upon Cre
activity (R26LacZ), allowing the lineage of cells that derive from
Nkx2.1 progenitors to be monitored (Soriano, 1999). Immu-
nostaining for LacZ and Islet1 on telencephalic sections of
Nkx2.1:Cre, R26LacZ embryos at E12.5 revealed no coexpres-
sion of these markers within the MGE and a clear demarcation
of their expression boundaries (Figs. 8A, B). These observa-
tions provide strong evidence that typically, Islet1+ cells do not
derive from Nkx2.1+ MGE progenitors; however, when RA
signals are disrupted, Nkx2.1+ MGE progenitors can transition
to an Islet1+ LGE-type fate. Thus, RA signals act downstream
of Nkx2.1 to suppress a subset of LGE-properties in differ-
entiating MGE cells.
Discussion
R26RAR403 mice as a tool to disrupt RA signaling pathways in
vivo
We have developed and validated a genetic model that
enables the temporal and spatial expression of RAR403 using
Cre-lox technology (Rajewsky et al., 1996). This binary system
has many advantages over current approaches to abolish RA
signals in the developing telencephalon. First, RAR403
expression can effectively and specifically block RA signaling
pathways in vitro and in vivo (Damm et al., 1993; Novitch et al.,
2003; Sockanathan et al., 2003; Hägglund et al., 2006). Second,
RAR403 disrupts RA signaling at the level of the receptor, and
is thus unaffected by the identity, expression or overlap of RAsources (Damm et al., 1993). This feature is particularly relevant
with regard to the study of RA in telencephalic development,
because of the ambiguity and potential redundancy of the RA
sources supplying the telencephalon after E8.75. Third,
RAR403 expression is driven by Cre recombinase activity,
allowing flexibility through the use of different Cre driver lines
to temporally and spatially disrupt RA signaling pathways in
vivo without compromising viability, as global disruption of RA
signals is known to lead to early lethality (Rajewsky et al., 1996;
Niederreither et al., 1999). While these studies focus on using
R26RAR403 animals to investigate the function of RA in
telencephalic development at midgestation, they demonstrate
the utility of this approach to define the function of RA signals
in peri- and postnatal development.
RA signaling is necessary for the proliferation of dorsal
telencephalic progenitors
Our BrdU-labeling studies reveal decreased numbers of cells
in S phase within the dorsal telencephalon at E10.5 in Foxg1:
Cre, R26RAR403 embryos compared with controls, consistent
with a slowing of the cell-cycle. Similar functions for RA
signaling pathways in promoting cell-cycle progression at S-
phase have been detected in other regions of the developing
nervous system such as the spinal cord, where the addition of
RA to chick ventral spinal cord explants results in an increase of
BrdU-labeled progenitors (Sockanathan and Jessell, 1998).
Interestingly, our studies invoke no roles for RA signaling at
either E10.5 or E12.5 in development in ventral telencephalic
progenitors. Given that the maturation of the ventral tele-
ncephalon precedes that of the dorsal telencephalon, a potential
role for RA signaling in proliferative events prior to E10.5
remains possible.
RA signals have been shown to regulate the expression of
FGFs and components of the Shh pathway, which are known to
be required for proliferative events in the developing CNS
(Rowitch et al., 1999; Wilson and Rubenstein, 2000; Fuccillo et
al., 2006). In our study, where RAR403 expression is initiated in
the telencephalon from E9.0, we find no significant changes in
Shh or FGF expression at E10.5 or E12.5. Our results thus
suggest that RA does not mediate its effects through the
modulation of Shh or FGF expression but instead may regulate
key factors that control cell-cycle progression in the telence-
phalon. One possible candidate is Foxg1, which is required for
the proliferation of telencephalic progenitors, and is dependent
on RA signaling prior to E9.5 for maintenance of its expression
(Xuan et al., 1995; Ribes et al., 2006). However, we do not
detect any significant changes in Foxg1 expression when RA
signaling is disrupted in Foxg1:Cre, R26RAR403 embryos
compared to Foxg1:Cre controls (F.R. and S.S., unpublished
observations). This observation suggests that the maintenance
of Foxg1 expression is not dependent on RA signaling pathways
after E9.5 in development, and that Foxg1 is an unlikely
mediator of RA-dependent proliferation in the dorsal telence-
phalon. A better understanding of the mechanisms by which RA
regulates telencephalic proliferation will likely be gleaned by
approaches to identify genes regulated by RA signaling.
380 F. Rajaii et al. / Developmental Biology 316 (2008) 371–382Disrupted RA signaling causes increased cell death
We observed an escalation in cell death throughout the
dorsal and ventral telencephalon when RA signaling is
disrupted at E10.5, suggesting that increased apoptosis is a
major contributor to the telencephalic hypoplasia of Foxg1:
Cre, R26RAR403 embryos. Deficits in RA signaling have been
shown to cause increased cell death in many systems including
during adult neurogenesis in the dentate gyrus of retinoid-
deficient mice, in olfactory sensory neurons of transgenic mice
expressing RAR403 under the control of the olfactory marker
protein promoter, and in spinal motor neurons that lack
RALDH2 expression (Hägglund et al., 2006; Jacobs et al.,
2006; Ji et al., 2006). The mechanism by which the ablation of
RA signaling pathways causes increased cell death in the
developing telencephalon is not known, although we demon-
strate that it is unlikely to be due to alterations in Shh or FGF
signaling. Given that cell-cycle defects can lead to the
activation of apoptotic pathways, the increase in cell death in
dorsal regions may stem partly from deficits in proliferation
(Nyberg et al., 2002). Other mechanisms that can be invoked
include the regulation of neurotrophin-mediated signaling
pathways, as RA signals are capable of regulating and
stabilizing the expression of the TrkA, TrkB, Trk C and p75
receptors in vitro (Lucarelli et al., 1995; Takahashi et al., 1999).
In addition, RA may regulate components of the apoptotic
pathway since RA promotes cell survival in oxygen and
glucose-deprived hippocampal slice cultures by inhibiting the
phosphorylation of c-jun-N-terminal kinase (JNK) and p38
kinase, which activate caspase-3 and Bax (Shinozaki et al.,
2007). Further investigation is necessary to determine if these
potential mechanisms underlie the requirement for RA signal-
ing in regulating cell survival in the developing telencephalon.
RA signaling pathways are necessary for the specification of
MGE-derived neurons
Although the disruption of RA signaling pathways in the
developing telencephalon results in increased cell death and
defective progenitor proliferation, the dorsal–ventral patterning
of telencephalic progenitor domains and general neurogenesis
appears to be independent of RA signals. Paradoxically, we
detect the presence of Islet1+ cells that normally derive from the
LGE distributed in ectopic locations between the VZ/SVZ
boundary and the mantle area of the MGE (Stenman et al., 2003;
Lopez-Bendito et al., 2006). Genetic and molecular analyses of
these cells suggest that when RA signals are disrupted, Nkx2.1+
MGE progenitors coexpress Islet1 but not Lhx6, consistent with
their initiating an LGE rather than an MGE-specific differentia-
tion program. However, Ebf1+ cells that mark putative striatal
matrix neurons are not found within the MGEs of Foxg1:Cre
R26RAR403 embryos (Garel et al., 1999). These observations
collectively suggest that in the absence of RA signaling, a
distinct LGE-specific program is de-repressed in Nkx2.1+
progenitors at the expense of MGE-differentiation pathways. It
is not clear however, if the failure of Nkx2.1+/Islet1+ cells to
initiate Lhx6 expression and thereby MGE specification, is dueto Islet1 expression or if MGE specification downstream of
Nkx2.1 is retinoid dependent. Previous studies have described
essential roles for Nkx2.1 in the suppression of LGE properties
in prospective MGE cells, and for the active specification of
MGE identity (Sussel et al., 1999). Our studies support a model
where Nkx2.1+ cells retain a degree of plasticity in their
prospective fates, and RA signals function to suppress a subset
of intrinsic LGE-specific differentiation programs within these
MGE progenitors.
The fate of the Islet1+ cells derived from Nkx2.1+
progenitors remains unresolved. These cells do not express
Lhx6, which is required for the tangential migration of MGE-
derived cells towards the cortex, thus it is unlikely that the
MGE-derived Islet1+ cells will populate dorsal cortical areas
(Liodis et al., 2007). Islet1+ cells normally derived from the
LGE give rise to striatal projections neurons, a subset of which
are cholinergic (Wang and Liu, 2001; Stenman et al., 2003). We
do not detect ectopic expression of the enzyme required for
acetylcholine production, choline acetyltransferase (ChAT) in
the MGEs of Foxg1:Cre, R26RAR403 embryos (F.R. and S.S.,
unpublished results). Thus it remains unclear whether the
ectopic Islet1+ cells derived from Nkx2.1+ progenitors are
eliminated via apoptosis or if they terminally differentiate at
later stages, and integrate into striatal circuits.
In conclusion, we have developed a novel genetic
approach utilizing RAR403 expression that exploits the
flexibility of Cre-lox technology to disrupt RA signaling
pathways in vivo, independent of the identity, expression or
overlap of RA sources. Using this system, we have
discovered new roles for RA signaling pathways in cell
proliferation, cell survival and neuronal fate specification in
the developing telencephalon. We anticipate that this power-
ful genetic tool will prove useful in the investigation of how
RA signaling pathways function within discrete telencephalic
structures in the embryo and the adult, where RA deficiency
has been correlated with deficiencies in learning and memory
and neurodegenerative diseases.
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